Abstract It is known that gas flow rate is a key factor in controlling industrial plasma processing. In this paper, a 2D PIC/MCC model is developed for an rf hollow cathode discharge with an axial nitrogen gas flow. The effects of the gas flow rate on the plasma parameters are calculated and the results show that: with an increasing flow rate, the total ion (N + 2 , N + ) density decreases, the mean sheath thickness becomes wider, the radial electric field in the sheath and the axial electric field show an increase, and the energies of both kinds of nitrogen ions increase; and, as the axial ion current density that is moving toward the ground electrode increases, the ion current density near the ground electrode increases. The simulation results will provide a useful reference for plasma jet technology involving rf hollow cathode discharges in N2.
Introduction
In various low temperature plasma processes, such as deposition and etching, the gas flow rate plays an important role in the discharge processes. Increasing the gas flow rate not only leads to an increase in the etch rate and anisotropic etching [1, 2] , but also enhances the deposition rate [3−5] . Many different methods have been developed to take into account the influence of gas flow rate in a gas discharge. Although the program PLASIMO [6] , which was developed at the Eindhoven University of Technology, gives a solution for the effect of gas flow rate in the discharge model, it is only applicable to a tubular or spherical geometry. Lee et al. [7] and Tanaka et al. [8] studied the problem of gas flow rate for an ICP discharge in argon and nitrogen. Okhrimovskyy and Bogaerts et al. [9] simulated a capacitively coupled radio-frequency (rf) discharge in methane using a twodimension (2D) fluid model including the flow rate in a plasma-enhanced chemical-vapor deposition reactor of H-type geometry. The results explicitly indicate that the flow rate can affect the deposition rate and the uniformity of the deposited layer. They also developed a numerical model for the effect on the sputtered atoms and the deposition flux in the case of a cylindrical hollow cathode discharge with an axial gas flow rate of argon [10] . In recent years, rf hollow cathode discharges have been widely used in plasma spraying, etching, deposition and surface treatments. The rf hollow cathode discharge combines the cyclical oscillation of the electron with the electric field for an rf discharge and the pendulum effect of the electron between two opposite cathodes for a hollow cathode discharge. The result is a high plasma density that can be obtained with a low voltage. This makes the discharge easy to generate. To better understand the effect of gas flow rate on plasma behavior, a 2D model for a capacitively coupled rf discharge in nitrogen taking into account the gas flow rate has been developed by our group. It is worth mentioning that the effect on the plasma characteristics mainly concerns the axial flow rate. In addition, if the plasma parameters (such as plasma density and ion energy) change significantly when the flow rate is included, then these variations can result in a direct influence on the processing results. Although the gas flow rate is one of the important parameters influencing the plasma's characteristics, the effect of the flow rate is rarely studied for a rf hollow cathode discharge. Hence, it is important to study and understand the correlations between flow rate and processing control, and how they affect deposition and etching.
In this paper, using a 2D PIC/MCC hybrid model, the plasma processes, including a flow rate, are simulated for an rf hollow cathode discharge in pure nitrogen. The distributions of electric field, electron density, ion density (N + 2 , N + ), and ion mean energies are cal-culated for an rf hollow cathode discharge in nitrogen. Calculations are carried out for both the cases, with and without the flow rate taken into account, and the effects of the flow rate on the plasma processes and various plasma parameters are determined.
Description of the model
The discharge geometry and parameters were taken from Ref. [11] . The discharge device studied consists of a cylindrical tube and a disk, as shown in Fig. 1 . The cathode was taken to be a hollow cylinder with a radius of 0.2 cm. The length of the cathode was 1.2 cm, and the distance between the cathode and the ground electrode was 0.6 cm. The amplitude of the applied rf voltage was set at 300 V, and the dc negative bias was −30 V. The gas pressure was taken to be 670 Pa, gas temperature is 1000 K, and the secondary electron emission coefficient was assumed to be 0.1. A two-dimensional coordinate space and threedimensional velocity space PIC/MCC model for an rf hollow cathode discharge in nitrogen, with the axial flow rate of the background gas taken into account, has been developed by our group. The main charged species simulated were electrons (e − ), atomic ions (N + ) and molecular ions (N + 2 ). The neutral molecule N 2 was assumed to be uniformly distributed in the discharge space. The superparticles for electrons (e − ) and nitrogen ions (N + 2 , N + ) were uniformly set in the discrete discharge space. The charge of each superparticle was of the order of magnitude of 10 −14 C, and was separately weighted on the grid points of the r and z directions. The initial densities of the charged species in the model are assumed to be 10 16 m −3 ; the initial velocities are calculated from the Maxwellian distribution at an average electron temperature of 2 eV. Substituted into the 2D Poisson equation:
(1) the self-consistent voltage and electric field can be obtained. Here, φ is the voltage; R and Z are, respectively, the radial and the axial positions; ε 0 is the permittivity in vacuum; e is the basic charge; n N + , n N + 2
and n e are the calculated N + , N + 2 and electron densities. The boundary conditions for this equation are:
where V RF is the rf amplitude at the rf electrode, ω is the angular frequency, and V d is the DC negative bias. The motion of the charged particles is simulated by the PIC method using the standard explicit "leap frog" finite difference scheme. A PIC simulation treats the charged particles in a kinetic way. The collisions between the particles are added by combining the PIC model with a MC procedure [12] , which is basically a probabilistic approach. Collisions are modeled using the null-collision method. The electron time step is of the order of magnitude of 10 −12 s and the time step for an ion is equal to 25 electron time steps. Secondary electron emission is included here. We have applied some of the physical and numerical methods of speeding up the PIC calculations in this simulation, such as longer ion time steps, different weights for electrons and ions, and improved initial density profiles. A more detailed description of the PIC technique can be found in Ref. [13] . The detailed description of 2d3v PIC/MC model in N 2 hollow cathode discharge can be found in our previous work [14] .
The effect of the gas flow rate
Then,
where n 1 , n 2 are the density of the neutral molecular nitrogen under standard conditions and simulation process, which can be solved by the formula of gas density: n = p/k b T with p being the gas pressure and T the gas temperature, k b the Boltzmann constant; v N2 is the input axial velocity, d is the diameter of tube. If we take the input flow rate to be 1000 sccm, and unit time ∆t to be 60 s, then V is the gas volume during ∆t, which is 1000×10 −6 m 3 ; The maximum axial velocity v N2 can be calculated to be about 2000 m·s −1 . Note that the distribution of axial velocity added in the hollow cathode is based on the distribution simulated by Bogaerts et al. [10] , whereas the gas input referred to above is for the whole nozzle. The gas moves mainly along the z-axis throughout the hollow cathode; that is, towards the outlet end of the hollow cathode. The gas velocity becomes progressively smaller towards the tube wall, and the flow rate distribution shows a paraboloid shape, with the maximum of the velocity at the cylinder axis and the minimum values at the side walls, as expected from Poiseuille's law [10] . The axial flow rate drops sharply after the initial expansion. The flow rate is highest input nearby the center (Z=1.8 cm, R=0 cm) of the inlet, it then sharply decreases. Afterwards, it decreases slowly, and then finally remains more or less constant near the ground electrode.
When the flow rate is included in the simulation, not only will the initial state of the neutral molecular nitrogen molecules vary but also the collisions between the particles are affected. For example, ionization and dissociation ionization between electrons and the background nitrogen molecules create N + ) and nitrogen molecules, combining the elastic collision formula with the energy transfer expression allows us to obtain the energies of the electon and nitrogen ions [15] :
where E e − , E N . The scattering is in the center of mass system, and the angle is given by χ c = a cos(1 − 2r 1 ), with r 1 being a random number.
The right hand sides of the above three equations can be divided into two parts. The first part is the energy of the corresponding particle after elastic collision between this particle and a background gas molecule, with the flow rate not included. The latter part is the energy change when the flow rate is included. The mean energy changes for the N + and N + 2 ions are affected by the ion mass and the background gas velocity. Because the energy transfer coefficients are almost the same, the elastic collisions do not show a significant difference in the varied mean energy.
3 Results and discussion
The radial and axial electric field
In Fig. 2(a) and (b) , the time averaged 2D distribution of the radial electric field over one rf cycle is shown for the two cases with flow rate of 1000 sccm and 0 sccm. They are quite similar. With a flow rate of 1000 sccm, the maximum of the radial electric field is about 1.85×10 5 V/m, which is larger than the maximum 1.75×10 5 V/m for the case where the flow rate is 0. The electric field near the cathode tube wall of the inlet (R=0.2 cm, Z=1.8 cm) , where the maxima of electric field appears because of "point discharge", which is six times larger than the value shown in figure. The electric field is very weak from the outlet to the ground electrode (Z=0.6-0 cm). In addition, the sheath thickness of the radial electric field for 1000 sccm is wider than for 0 sccm. This phenomenon can be easier seen from their one-dimensional distribution (see Fig. 3 ). The flowing background molecules all have a corresponding axial velocity:
Ionization :
Dissociation ionization :
Charge exchange :
Elastic collision :
Therefore, the nitrogen ions (N + , N + 2 ) created by the above reaction processes can obtain a greater axial velocity than the velocity when the flow rate is not taken into account. Many ions produced from the flowing background gas take on a significant axial velocity. As can be seen from Eq. (4), with respect to a no-flowrate background gas, when the flow rate is taken into account the electron energy changes the items of elastic electron collision: k e (1 − cos χ c )(E N2 − m N2 v e − · v N2 ), where m N2 v e − · v N2 is a great influence on the electron energy. Therefore, the electron energy is reduced, the electron collision rate decreases, the plasma density decreases and the sheath thickness is widened. Fig. 4 (a) and (b) show the axial electric field distribution for the two cases with the flow rate of 1000 sccm and 0 sccm. Near the cathode outlet, the axial electric field is large and takes a "negative" value while near the ground electrode a strong electric field takes "positive" value, this is the structure of the anode sheath. The axial electric field near the ground electrode (Z=0 cm), as well as near the two edges of the hollow cathode tube (Z=0.6 cm and Z=1.8 cm) has maximum values, and is close to zero elsewhere. When the flow rate is taken into account the axial electric field near the ground electrode also has a slight increase because an increase in gas velocity is caused by accumulation of charge near the ground electrode. However, the axial electric field (10 4 V/m) is approximately one order of magnitude smaller than the radial electric field (10 5 V/m), and it can be seen that the radial electric field is still playing a major role in the behavior of charged particles in the discharge process. In short, the electric field increases slightly and the sheath thickness is widened with an increasing gas flow rate. In Fig. 5(a) and (b) , the distribution of electron mean density over one rf cycle for the rf hollow cathode discharge in nitrogen is shown for cases with and without the gas flow rate taken into account. The electron density are small in the sheath and sharply increase in the bulk plasma. The maximum densities reach 1.4×10 17 m −3 and 1.8×10 17 m −3 for flow rates of 0 sccm and 1000 sccm, respectively. It is evident that the density for 0 sccm is about 1.4 times that for 1000 sccm. On one hand, the electron energy is affected by the background gas flow, and thus the energy decreases. On the other hand, under constant pressure conditions, considering the flow rate, the density of the background gas decreases and the ionization rate is also reduced, so the electron density decreases.
The distribution of the mean density of nitrogen ions averaged over one rf cycle is shown in Fig. 6 for cases with a flow rate of 1000 sccm and 0 sccm. Similar to the electron density, the N + 2 density is also small in the sheath and it reaches a maximum in the bulk plasma. As can be seen from the figure, the maximum of N + 2 density near the inlet (R=0 cm, Z=1.8 cm) is about 1.11×10 17 m −3 , and reaches a maximum of 1.70×10 17 m −3 along the axial direction, it then gradually decreases toward the ground electrode for flow rate of 0 sccm. The maximum density near the inlet (R=0 cm, Z=1.8 cm) is 1.21×10 17 m −3 , which in-creases to 1.35×10 17 m −3 along the axial direction when the flow rate is 1000 sccm. When the flow rate is included, a decrease in the ionization rate of electrons makes the maximum of N + 2 density decrease. An increase in the N + 2 density near the inlet happens because of where the density of background nitrogen molecule is increase. The number of N 2 molecule to diffuse outside the tube from the inlet is decrease due to these have axial flow rate. Comparing the distributions of N + 2 densities when the flow rate is included and not included, the flow rate not only causes the maximum of the ions density to decrease, and the total ion density in the whole discharge space to decrease, but also causes the ions density to increase near the inlet. A Bogaerts et al. have simulated capacitively coupled radio-frequency (ccrf) discharge in methane with a fluid model and have shown that calculated time-averaged CH + 5 ion density decreases with increasing flow rate [9] . The distribution of the mean density of N + ions is similar to that of N + 2 , and the density of N + is about six times less than N + 2 by our calculation, the reason for which can be found in our previous work [12] . In Fig. 7 , the distributions of the N + 2 mean energies over one rf cycle are shown for cases with flow rates of 1000 sccm and 0 sccm. The ion energy in the sheath is higher due to the sheath electric field near the cathode wall. The N + 2 mean energy is high in the inlet, and it then rapidly decreases towards the ground electrode. The maximums of the N + 2 mean energy are 2.0 eV and 3.0 eV for flow rates of 1000 sccm and 0 sccm, respectively. The energies of new ions created by ionization, charge exchange and elastic collision rise with the inclusion of the flow rate. In addition, the N + 2 energy slopes gently along the axis in the bulk plasma when the flow rate is 0 sccm. Because the gas velocity is highest near the inlet, the N + 2 energy is both higher in the bulk plasma and sheath, and a slope forms when the flow rate is included. The N + energy (Fig. 8) increases from 9.35 eV to 11.43 eV when the flow rate is 1000 sccm. There are dissociation ionizations and elastic collisions of N + affected by the flow rate. The N + energy created by dissociate ionization (formula 9) of N This has little effect on the ion energy because the energy transfer coefficients for the nitrogen ions are almost the same, and the elastic collisions do not show a significant difference in the enhanced mean energy. Hence, two kinds of nitrogen ions result also in an insignificant difference in the enhanced energy. To summarize, the mean energies of both nitrogen ions increase in the discharge space when the flow rate is included. Fig.8 The distribution of the mean N + energy over one rf cycle
Plots of the energies of nitrogen ions near the ground electrode (Z=0 cm) are shown for several flow rates in Fig. 9 . Here, the flow rate is much decreased, and has thus less impact on the ion energy. Relative to the case of 0 sccm, the energies of two kinds of nitrogen ions increase for three different flow rates. The energy does not change obviously with the flow rate for high-energy N + .
Ion current (N
In Fig. 10 , the distributions of the axial current density of nitrogen ions are shown at the center of tube (Z=1.2 cm) and the ground electrode (Z=0 cm) for cases with and without the flow rate taken into account. The current densities of ions gradually increase towards the ground electrode with increasing flow rate. This outcome is in general agreement with the experimental results in hollow cathode PVD of nitride films [16] . In particular, there is an increase in the current density near the ground electrode, which is of significance for applications of plasma spray technology.
In Fig. 11 , the nitrogen ion current densities at the axis of the cathode (R=0 cm) is shown as a function of axial position. It can be seen that the ion current densities basically increase with the flow rate. and 9.17×10 20 m −2 ·s −1 , respectively, and both appear near Z=0 cm. The maximums of the current densities for the nitrogen ions are near the outlet when the flow rate is not included. The axial velocity of the gas causes the maximum of the ion current densities to drift toward the ground electrode. Increasing with the flow rate, the ion current densities increase from the outlet (Z=0.6 cm) to the ground electrode, the ion current densities near the ground electrode gradually increase, the maximum of the ion current density drifts towards the ground electrode, and the total ion current densities increase towards the ground electrode. The 2D distribution of the axial current densities of the nitrogen ions toward the ground electrode can be seen in Fig. 12 . Fig.9 The distribution of the nitrogen ion energy near the ground electrode for several different flow rates Fig.10 The axial current density of nitrogen ions as a function of the radial position at the center (Z=1.2 cm) of tube and the ground electrode (Z=0 cm) for different flow rates Fig.11 The axial current density of nitrogen ions as a function of the axial position at the axis of cathode (R=0 cm) for different flow rates Fig.12 The 2D distribution of the axial current density of nitrogen ions for the flow rate of 1000 sccm and 0 sccm
Conclusions
In this paper, with a two-dimensional PIC/MCC model, the effect of gas flow rate on radio-frequency hollow cathode discharge characteristics in nitrogen is simulated. The results show: a. With the flow rate included, the radial sheath electric field and the axial electric field both show an increase, and the sheath thickness becomes wider; the total particles (e − , N + 2 ) density decreases, and the N + 2 density increases near the inlet. b. With increasing flow rate, the ion (N + , N + 2 ) mean energy increases; the axial ion current densities moving towards the ground electrode increase, the ion current density near the ground electrode increases, and the maximum of ion current density shifts toward the ground electrode.
